Penicillium marneffei is a dimorphic fungus that responds to changes in temperature. We performed a comparative analysis of gene expression in mycelial-and yeast-phase P. marneffei cells using high-throughput DNA microarrays. A total of 1,884 differentially expressed genes with annotations in the gene ontology (GO) database were identifi ed between P. marneffei mycelial and yeast cells. These differentially expressed genes mainly belong to 18 categories in the organism ' s ontology, including reproduction, immunity, metabolism, signaling, etc. Bioinformatics suggests that these differentially expressed genes may help explain the resistance to adverse environments and the virulence of P. marneffei . Nine genes from the results of the DNA microarray experiment were selected for further analysis with real-time quantitative PCR to validate the differential expression. Our data provide a global description of the transcriptional response accompanying adaptation to high temperature in yeast.
Introduction
Penicillium marneffei is a thermally dimorphic fungus that can cause fatal opportunistic infections in humans [1 -3] . The main clinical manifestations of penicilliosis due to P. marneffei are chills, fever, cough, and skin rashes, all of which contribute to high mortality rates [4 -6] . In 1956, Capponi ' s team fi rst isolated P. marneffei from the liver of a bamboo rat ( Rhizomys sinensis ) in Vietnam and then confi rmed its pathogenicity in rodents [7] . In 1973, Di Salvo reported the fi rst human case of infection due to P. marneffei in the USA [8] . Currently, infections caused related to its pathogenesis [19] . Chandler and associates found that proteins common to both mold and yeast phases included the signal transduction proteins cyclophilin and a RACK1-like ortholog, as well as proteins related to general metabolism, energy production, and protection from oxygen radicals. Proteins that exhibit increased expression during the development of the parasitic yeast phase are also involved in heat-shock responses, general metabolism, and cell-wall biosynthesis, and they Chandler et al. also include a small GTPase, RanA, that regulates nuclear membrane transport and mitotic processes in fungi. The cognate gene encoding RanA was subsequently cloned and characterized [20] . However, these previous studies mainly focused on an isolated gene or a portion of the genome. A comprehensive analysis of gene expression in P. marneffei has not been conducted so far, which means that a mechanism for the conversion between mycelial-and yeast-phases is not well understood.
DNA microarrays, also known as DNA chips, have been used widely for comprehensive transcription analysis in various species [21 -23] . The high throughput and high speed of microarrays greatly improve analysis effi ciency [24] . Microarrays are especially useful as they can reveal the relationships among many genes and fi nd the functional pathways relevant for a biological process [25] . In order to explore the differentially expressed genes of P. marneffei in its two different growth phases and to analyze potential pathogenic genes, we used DNA microarrays and a bioinformatics-based functional analysis to identify relevant genes. We trust that our investigation will provide a deeper understanding of the pathogenic mechanisms of P. marneffei and that it will help identify potential targets for the development of antifungal drugs.
Materials and methods

Strains
Penicillium marneffei strain B-6323 was isolated from a Chinese patient with penicilliosis skin lesions. The strain was identifi ed by DNA sequencing and samples of it were stored in the American National Centers for Disease Control and Prevention (CDC) and the West China Hospital, Sichuan University, China.
Culture conditions
P. marneffei was inoculated in Sabouraud glucose agar (SGA) (40 g glucose, 10 g peptone, 15 g agar, 0.5 g cycloheximide, 0.05 g chloramphenicol, dissolved in H 2 O to 1000 ml), and incubated at 25 ° C or 37 ° C for 7 days. After subculturing, single clones were chosen for further growth in Sabouraud glucose broth (SGB) (40 g glucose, 10 g peptone, dissolved in H 2 O to 1000 ml) at 25 ° C or 37 ° C, shaken for 48 h at 150 r.p.m.min Ϫ1 .
Sample collection and RNA isolation
The mycelia and yeast cells of P. marneffei were collected and subjected to mRNA isolation with Trizol Reagent (Invitrogen) according to the manufacturer ' s instructions. RNA quality was verifi ed by using an Agilent 2100 Bioanalyzer. Thresholds of RIN Ն 7.0 and 28S/18S Ͼ 0.7 were used to determine which samples were of suffi cient quality for further analysis. To ensure the effi ciency of probe labeling and chip hybridization, RNA samples were further purifi ed using the QIAGEN RNeasy Kit according to manufacturer ' s instructions.
Probe preparation and microarray hybridization
The cDNA strands were synthesized with the T7 promoter primer and MMLV reverse transcriptase. The aaUTPlabeled cRNA strands were synthesized with inorganic pyrophosphate and T7 RNA polymerase and then further purifi ed with the QIAGEN RNeasy Mini Kit according to the manufacturer ' s instructions. The cRNAs were then labeled with a fl uorescent dye (Cy3) by using hydroxylamine, after which they were subjected to fragmentation and chip hybridization (Agilent Technologies).
Data acquisition and analysis
The chips were scanned with an Agilent microarray scanner and the data was collected and normalized using the Agilent Feature Extraction software. To facilitate our analysis, genes with a more than two-fold expression change were considered to be differentially expressed. Analysis of the expression data was performed using Agilent Genespring software with gene and pathway annotations from the GO (Gene Ontology) database (http://www.geneontology.org) and KEGG (the Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/kegg).
Real-time quantitative PCR
Real-time quantitative PCR was performed with the PrimeScript RT reagent Kit (TaKaRa). The fi rst-strand cDNA was briefl y reverse-transcribed using oligo-dT and a random hexamer primer. Preliminary tests were performed to select high-specifi city PCR primers. Real-time quantitative PCR was performed using SYBR Green, according to the manufacturer ' s instructions, and a dilution curve was generated to calculate the PCR effi ciency for each pair of primers used. Three replicate reactions were which are listed in Fig. 1 . (see Supplementary Tables I and  II, available 
Differentially expressed gene pathway
It is confusing and ineffi cient to use a microarray to analyze a single gene. The typical approach to microarray analysis integrates modern biology and mathematics to perform in-depth analysis of the various signaling or metabolic pathways of interest. There are optional databases for microarray analysis, and statistical data analysis can be carried out effectively to fi nd related gene sets such as signaling and metabolic pathways. In this study, the KEGG pathway database was used to analyze related gene sets. The analysis showed that there are 11 highly differential pathways between mycelial and yeast cells, including the mitogen-activated protein kinase (MAPK) signaling pathway, fatty acid metabolic pathway, glycolysis pathway, pyruvate metabolism pathway, and others, which are summarized in Fig. 2. carried out for each diluted template and for the NTC (no template control). Data analysis was carried out using Mx4000 software.
Results
Transcriptome features
The functional annotation of genes was performed by using the GO database, a globally recognized database. The GO database is an integrated classifi cation system established by the Gene Ontology Consortium, and it categorizes genes according to cellular component, molecular function and biological process. The main purpose of the GO database is to provide a platform for functional descriptions of genes from various species. In this study, there were 1,884 differentially expressed genes located in the GO database. These differential genes were mainly classifi ed into 18 categories according to biological process ontology, including reproduction, immunity, metabolism, signaling, and others, Fig. 1 Biological process classifi cation of genes differentially expressed between Penicillium marneffei mycelial and yeast cells. There were 1,884 differentially expressed genes with annotations in the GO database, and they were mainly involved in 18 different biological processes.
Changed genes in MAPK signaling pathway and fatty acid metabolism pathway
The MAPK signaling pathway plays an important role in cellular functional regulation. Fig. 3 shows the mimetic MAPK signaling pathway in yeast. In this study, a total of 31 genes in the MAPK signaling pathway were expressed differently. In these differential genes, 15 were upregulated and 16 down-regulated ( Table 1 ). The fatty acid metabolic pathway is one of the critical paths in the energy utilization of cells. In these differential genes, 11 genes in the fatty acid metabolic pathway were up-regulated, and only 2 genes were down-regulated (Table 2) .
Real-time quantitative PCR
To verify the gene chip results in this study, real-time quantitative PCR was performed. Based on the microarray The symbols ' -' indicates down-regulation in yeast. The symbols '-' indicates down-regulation in yeast.
results, we chose nine differentially expressed genes ( faa1 , fba1 , pdb1 , pck1 , ald5 , ald3 , cdc19 , adh5 and acs2 ) representing the metabolic processes of glucose, fatty acid, and pyruvate metabolism. The primers of these nine genes are shown in Table 3 . Generally, the results of real-time quantitative PCR were consistent with those of the microarray analysis in this study (Table 4) . For faa1 , pdb1 , pck1 , adh5 and acs2 , the changes measured by real-time quantitative PCR and microarray analysis were very similar. For the other four genes ( fba1 , ald5 , ald3 and cdc19 ), the results from real-time quantitative PCR showed smaller changes to those of the microarray analysis. However, the direction of the change observed in those four genes was consistent in the two assay methods.
Discussion
Although several gene expression studies on P. marneffei were previously conducted, there remains a lack of systematic and comprehensive investigations of the transcriptional profi les of its mycelial and yeast phases. In this study, we compared the transcriptomes of mycelial-and yeast-phase P. marneffei using microarray analysis, which allowed us to identify a large set of differentially expressed genes. These differential genes can be grouped into a variety of pathways including reproduction, signaling, metabolism and adhesion. Through analysis of these pathways, the overall biological characteristics of mycelialand yeast-phase P. marneffei can be described. Detailed analysis of these pathways also contributes to our understanding of the mechanism of regulation of biological processes in P. marneffei . In this study, a series of MAPK cascade genes such as cdc24 , rho1 , hog1 and tec1 were found to be differentially expressed between P. marneffei mycelial and yeast cells. MAPK cascades in fungi mainly mediate two types of physiological functions [26] , i.e., cell proliferation and differentiation, and anti-stress reactions to the environment [27] . These differential MAPK cascade genes may play important roles in the growth of yeast-phase P. marneffei . The cdc24 gene encodes actins that play a key role in polarization, and high cdc24 expression at the bud tip contributes to the formation of hyphae [28] . The up-regulation of cdc24 indicates that it is essential in the transformation from mycelia to yeast. The rho1 gene encodes three GTP-binding proteins that are critical for cell wall glucan synthesis and cytoskeleton polarization in fungi [29] . Our study found increased rho1 expression in the yeast phase, suggesting that it may play a key role in maintenance of the cell wall to resist adverse external environments. Hog1 is a key factor in high osmolarity glycerol mitogen-activated protein kinase signaling transduction pathways (HOG-MAPK) [30] . Increased expression of hog1 was found in yeast-phase P. marneffei in this study, indicating its importance in P. marneffei ' s resistance to osmotic stress, which contributes to better adaptation to the host environment for survival. Tec1, as a member of the eukaryotic cell division regulation ATTS family, is mainly responsible for the morphological transformation of P. marneffei from the mycelial to the yeast phase. Tec1 may promote the pathogenicity of P. marneffei [31] . The high expression of tec1 in yeast cells suggests its key role in the morphological conversion and maintenance of pathogenicity for P. marneffei . The symbols ' -' indicates down-regulation in yeast.
